The mini-M conotoxins are peptidic scaffolds found in the venom of cones snails. These scaffolds are tightly folded structures held together by three disulfide bonds with a CC-C-C-CC arrangement (conotoxin framework III) and belong to the M Superfamily of conotoxins. Here, we describe mini-M conotoxins from the venom of Conus regius, a Western Atlantic wormhunting cone snail species using transcriptomic and peptidomic analyses. These C. regius conotoxins belong to three different subtypes: M1, M2, and M3. The subtypes show little sequence homology, and their loop sizes (intercysteine amino acid chains) vary significantly. The mini-Ms isolated from dissected venom contains preferentially hydroxylated proline residues, thus augmenting the structural reach of this conotoxin class. Using 2D-NMR methods, we have determined the 3D structure of reg3b, an M2 subtype conotoxin, which shows a constrained multi-turn scaffold. The structural diversity found within mini-M conotoxin scaffolds of C. regius is indicative of structural hypervariability of the conotoxin M superfamily that is not seen in other superfamilies. These stable minimalistic scaffolds may be investigated for the development of engineered peptides for therapeutic applications.
Introduction
Venoms from predatory animals are rich sources of disulfide-constrained peptides and proteins. Cone snails, a genus of venomous predatory marine mollusks, excel at producing highly modified disulfide-rich peptidic scaffolds [1] . These slow-moving animals deploy a proboscis that is tipped with a modified radular tooth used to impale their prey (fish, worms, or mollusks) and deliver their venom. Cone snail venom is a complex concoction of hundreds of compounds that act synergistically to immobilize prey [2] . Conotoxins, venom peptides with two or more disulfides, are highly modified by hydroxylation, carboxylation, bromination, glycosylation, epimerization and combinations of these modifications [3] . These modifications can help to increase conotoxin stability and specificity toward their molecular targets [4] . Conotoxins are classified by superfamilies, which are defined by the conserved signal sequences in the precursor proteins of these peptides. Beyond the superfamilies, conotoxins are further grouped according to their pharmacological targets, which include voltage-gated ion channels (Na + , K + , and Ca
2+
) and ligand-gated ion channels (nAChR, AMPA R , GABA R and 5-HT 3 R) [5] .
Conotoxins are structurally diverse across and within conotoxin superfamilies, with the M-superfamily conotoxins exhibiting the largest structural variability [6] . Most M-superfamily conotoxins have a cysteine framework III arrangement, a 3-loop/6-Cys (CCloop 1 -C-loop 2 -C-loop 3 -CC) allocation where the disulfide pairing and the size of the loops are variable. Loops are defined as the intercysteine strings of amino acids found in conotoxin frameworks. Within the framework III conotoxins, there are 5 subtypes (M1, M2, M3, M4, M5) distinguished by the number of residues in the third loop [7] . These subtypes are more broadly referred to as either 'mini-M's (M1, M2, M3) or 'maxi-M's (M4, M5) [8] . The M4 and M5 subtypes are the better known M-superfamily conotoxins; they include l-conotoxins (sodium channel blockers), jMconotoxins (potassium channel blockers), and w-conotoxins (nAChR blockers) [9] . The mini-Ms are less understood, with very few studies addressing their pharmacology in spite of their prevalence in the venom of many cone snail species.
Here, we describe the isolation and characterization of the mini-M conotoxins from the venom of Conus regius, a worm-hunting cone snail species that inhabits the tropical Western Atlantic region (Fig. 1A) . The 25 mini-M conotoxins of C. regius, reg3a-m and reg3.5-17, belong to the M1, M2, and M3 subtypes. The diversity exhibited by mini-M scaffold encompasses Pro hydroxylation at preferential loci, loop size variability, disulfide pairing and three-dimensional fold. We have also determined the 3D structure of reg3b, an M2 conotoxin, which shows a distinctive constrained multiturn scaffold different from the structure of other mini-M conotoxins. This structural plasticity within the mini-M conotoxins will be highly consequential for their molecular targeting.
Results

Peptide purification and sequence determination
The dissected venom of C. regius (Fig. 1A) is an extremely complex mixture of peptides and proteins (Fig. 1B) . Single component level isolation was achieved by using the combination of SE-HPLC and RP-HPLC (Fig. 2) . Using this methodology, thirteen mini-M (M1, M2, and M3) conotoxins were isolated and sequenced using Edman degradation (Table 1) .
M-superfamily sequences found in the transcriptome
Analysis of the transcriptome of the venom duct from C. regius yielded eighteen sequences that corresponded to the M-superfamily and contained mini-M conotoxins in their mature region (Table 2) . Nine distinct signal sequences were found in this set and they are conserved, however, two variants (MMSK and MMFK) were identified, based upon the third locus of the signal sequence. The pre-pro regions showed far less homology than the signal sequence. RNAseq of the C. regius venom duct yielded the sequence of precursor proteins for seven of the isolated reg3 conotoxins (reg3a, reg3b, reg3f, reg3h, reg3j, reg3k, reg3l) and an additional twelve mini M sequences (reg3.5-12 and reg3.14-17) that were not isolated from the venom (Table 1) .
Posttranslational modifications
Several reg3 conotoxins were posttranslationally modified by c-hydroxylation at Pro and/or by amidation at the C-terminus (Table 1) . Four reg3 conotoxins were amidated at the C-terminus (reg3f, reg3g, reg3h, and reg3k). Six of the reg3 mini-Ms were hydroxylated at all their Pro (reg3a, reg3c, reg3d, reg3h, reg3i, and reg3j). The Pro of reg3b, reg3g, reg3f, and reg3l are all unmodified. Notably, the latter did not exhibit hydroxylation despite having four Pro in its sequence. reg3e and reg3k were partially hydroxylated at the Pro before the fifth cysteine. Pro hydroxylation in the reg3 mini-Ms is not site preferential; instead, it occurs at different sites across these sequences.
Mini-M loop size variability
The isolated reg3 conotoxins contained between 13 and 22 residues that had intercysteine loops of variable sizes (Table 1) . Three of the isolated reg3 conotoxins were of the M3 subtype, three of the M2 subtype, and seven were of the M1 subtype. There is some sequence homology between reg3 conotoxins with the same loop sizes, but there is little sequence homology among the different subtypes (M1, M2, M3). There is high loop size variability within the venom-isolated and transcript sequences of C. regius mini-M conotoxins (loop1 = 3-5 amino acids, loop2 = 2-5 amino acids, and loop3 = 1-3 amino acids).
Disulfide connectivity analysis
The disulfide connectivity was established for reg3b by partial reduction and cyanylation. Sample quantity limitations precluded such analysis for the other reg3 conotoxins. RP-HPLC separation of the products of partial reduction and cyanylation of reg3b (Fig. 3) indicated cyanylation of 2, 4, and 6 cysteines using MALDI-TOF MS. Fractions f (MH + 1721.7) and l (MH + 1774.8) correspond to the addition of 2 and 4 cyano groups respectively (Fig. 4) . The MH + 1596.9 fragment of fraction f corresponds to the cleavage at the first and sixth cysteine, indicating a disulfide bond between them. The MH + 1077.6 mass corresponds to the fragment of fraction l, cyanylated and cleaved at the second and fourth cysteine, indicating a disulfide bond between them. By process of elimination, the third disulfide bond was determined to be between the third and fifth cysteine. Accordingly, the disulfide pairing pattern for reg3b is:
1 Cys- 6 Cys, 2 Cys-4 Cys, and 3 Cys (Table 3 ). This pattern was confirmed independently using NMR methods using the analysis of the local NOE data of reg3b as suggested by Klaus et al. [10] .
NMR spectroscopy
We were able to obtain 2D-NMR (TOCSY and NOESY) of nanomole quantities (nanoNMR) of the native reg3b (directly isolated from the venom). The 2D NOESY of reg3b was suitable quality for structural determination, particularly when recorded at 900 MHz (Fig. 5) . Despite its small size (15 residues) a significant number of NOE (> 150) cross-correlations were found. Sequence-specific assignments of reg3b (Table 4) were facilitated by characteristic spin systems for Thr-3, Ala-4, Ser-7 and Arg-8. HN i to HN i+1 correlations along with aH i to HN i+1 in the fingerprint region of the NOESY completed the assignments and yielded the NOE-based secondary structure connectivity map shown in Fig. 6A . The NOE-based connectivity map showed that reg3b does not have regular elements of secondary structure (helices, sheets); instead, a pattern of NN i,i+1 and aN i,i+1 along with NN i,i+2 correlations indicated that a series of turns are the predominant nonregular secondary structure of the reg3b. The chemical shift index (CSI) plot [11] of reg3b ( Fig. 6B) showed negative values for the Cys-6 to Tyr-9 segment, Cys-1, and Cys-15, whereas the segment of Leu-12 to Cys-14, Cys-2, and Thr-3 had positive values. The rest of the amino acids showed near zero Dd values. Additionally, 1D proton NMR exchange experiments in reg3b (Fig. 7) revealed that the HN protons of C14, C15, L5, C6 and L12 are slow exchanging, an indication of strong hydrogen bonding.
3D structure of reg3b
We were able to assign a total of 166 NOE-derived distance restraints, five dihedral-derived constraints, and five hydrogen bonds constraints. We used these constrains for the structural determination of reg3b ( Table 5 ). The final twenty structures were overlaid with a resulting RMSD of 0.57 AE 0. 16 A for the backbone (Fig. 8A) . The overall fold of reg3b is highly compact; the location of the disulfide bonds keeps the structure together in a way that the N and C termini are restricted to close proximity, whereas the 3 Cys- 5 Cys bridge forces the middle of the main chain into close proximity with the C-terminus. The 2 Cys bond keeps the scaffold rigid and compact. The compact fold of the structure forced the main chain into several turns to fit the covalent structure requirements imposed by the disulfide bridges. A Promotif evaluation of the minimized average structure indicated that reg3b has five turns that are stabilized by a network of hydrogen bonds. According to the Kabsch and Sander criteria [12] , reg3b has three type IV turns between Cys1-Ala4, Ser7-His10, and Tyr9-Leu12 and two gamma turns between Leu5-Ser7 and His10-Leu12. Fig. 8B shows two views of the electrostatic surface of reg3b and their corresponding ribbon representations. The topology of the surface of reg3b is compact and globular. The surface shown in Fig. 8B is characterized by an irregular surface that is 1/3 dominated by a negatively polarized area (circled) near the C-terminus; whereas the rest of the molecule is a more hydrophobic surface. Contra-lateral to this view of the molecule (Fig. 8C) , the potential surface is less irregular and more polar. Table 1 . Mini-M conotoxin sequences from Conus regius. O = ϒ-hydroxyproline. * = C-terminus is amidated. According to standard conopeptide nomenclature, isolated conotoxins are labeled using letters (reg3a-m), whereas conotoxins sequences deduced from their precursor protein sequences are labeled using numbers (reg3.5-3.17). Isolated conotoxins were sequenced using Edman degradation; an 'X' in the sequence represents an unidentified amino acid. Cysteine residues are shown in red and bold typeface.
Fig . 9 shows a comparison of the structures of reg3b, BtIIIA [13] , mr3a [14] and Ar1446 [15] , the only other M2 mini-M conotoxin structures reported to date. We also included a comparison of reg3b with mr3e [16] , a M1 conotoxin with a different disulfide pairing pattern from the other mini-M conotoxins (Fig. 9D) . The RMSDs for these structural pairs were 2.1 A, 5.7 A, 2.6 A, and 3.9 A for BtIIIA, mr3a, Ar1446 and mr3e respectively.
M-superfamily analysis
All species with reported framework III/M-Superfamily conotoxins were compiled for assessment of miniand maxi-M diversity within the Conus genus. Fortyfive total species were found to express framework III conotoxins, either in isolated venom or from RNA sequence transcripts. Of the 45 cone snail species, 24 were worm-hunting species, 13 were fish-hunting, and eight were mollusk-hunting (Fig. 10) .Thirteen of the forty-five species have reported framework III conotoxins isolated from their venom (). Only four species to date reported mini-M conotoxins from injected venom as opposed to dissected from the venom duct. These species include C. consors [17] , C. marmoreus [18] , C. textile [19] , and C. geographus [20] . The framework III conotoxin precursors can be classified according to the first four residues of their signal sequence; MMSK, MMLK, MMFK, or MMYK (Fig. 11 ). The conotoxins with the MMSK signal sequence were the most diverse in distribution of species, subtypes, and loop sizes representing thirty-two of the forty-five total species. By comparison, there were twenty-three species with representative MMLK signal sequence conotoxins, seven species with MMFK signal sequence conotoxins, and only one species with a MMYK signal sequence. The MMSK group also contained all Msuperfamily subtypes (M1-5) and was the only group with M5 maxi-M conotoxins. The MMSK group had the greatest variability in loop sizes with 22 total different distributions, the majority of which were M2 subtype conotoxins. Worm-hunting species show the greatest diversity in loop-structure demonstrating 21 unique loop patterns, of which all but one are mini-Ms. Fish hunting species by comparison express Table 2 . Sequences of the precursor proteins of the reg3 mini-M conotoxins. The signal sequences are shown in bold. Cysteine residues of the mature peptide region shown in red.
Precursor Precursor protein sequence Sub-type 
Discussion
The mini-M and maxi-M are framework III conotoxins that are prevalent in the venom of cone snails. Surprisingly, pharmacological characterization has only been done for a few of them, and mainly for maxi-M subtypes [6] . We found that the thirteen mini-M conotoxins are predominant components in the venom of C. regius. Additionally, we found 12 precursors of reg3 mini-M conotoxins that were not expressed in significant quantities for isolation and characterization. The mini-M conotoxins from C. regius (reg3a-m and reg3.5-17) significantly expand the diversity of the Msuperfamily conotoxins as their loop size variability, distribution of PTMs (reg3a-m), cysteine pairing, and three-dimensional fold add to the structural variability in these scaffolds. This plasticity is remarkable considering they are the smallest known peptidic scaffolds constrained by three disulfide bonds. The discovery of mini-M conotoxins can be achieved through cDNA/RNAseq libraries; however, this approach does not assess the disulfide pairing and PTMs present in these sequences. This is illustrated by the differential hydroxylation of Pro-observed in the reg3 mini-M conotoxins and the multitude of Cys pairing found so far for mini-M conotoxins (Table 1) . Additionally, assessing the actual mature sequence from the precursor protein can be difficult as processing predictions for cleavage by proteases and peptidylglycine a-amidating monooxygenase on the precursor protein are not accurate all the time [21] . This is apparent here, as we found additional residues on the N terminus for reg3e, reg3k and reg3l, and mixed results for the amidation of C-terminus of the reg3 conotoxins. In order to assess the processing mechanism, it is most important to verify the sequences of the mature conotoxins found in the venom with the predicted ones in the cDNA/RNAseq libraries. The structural plasticity of the reg3 conotoxins is likely to be consequential for their activity. Loop size variability and disulfide pairing typically affect conotoxin selectivity. For example, a-conotoxins preferentially inhibit either the muscular or neuronal nicotinic acetylcholine receptors depending on their loop size [22] . The sequence and structural diversity found of reg3 mini-M conotoxins suggests that their targeting of neuronal receptors and/or ion channels might be equally diverse. This is the case for the maxi-M conotoxins and the O-superfamily conotoxins, where in spite of their conserved cysteine scaffolds their sequence diversity is associated with the ability to interact with multiple targets, as different maxi-Ms target voltage gated sodium channels (l-Conotoxins) [23] , voltage gated potassium channels (jM-Conotoxins) [24] , and nAChRs (w-Conotoxins) [25] . Although the molecular target(s) of the mini-M conotoxins is still in question, it appears to be different from the maxi-M conotoxins. Intracerebroventricular injections of mini-M conotoxins from mollusk-hunting species C. textile and C. marmoreus elicit a wide array of excitatory neurophysiological responses such as scratching, hyperactivity, and convulsions in mice [7] . Ar3j, an M1 conotoxin from another molluscivorous species, Conus araneosus, elicited a sedative effect and induced sleep when injected into mice [26] . An M1 conotoxin, lt3a, from worm-hunting species Conus litteratus is a sodium channel agonist (ι-conotoxin), a previously unreported activity for M superfamily conotoxins. lt3a is the only mini-M for which its molecular target has been reported [27] . The pharmacology of reg3 mini-M conotoxins is currently under investigation and will help better understand their purpose in predatory venom.
The most abundant mini-M conotoxin of C. regius is reg3b, an M2 subtype whose Cys pairing differs from the better-known maxi-M and the M-1 subtypes ( Table 2 ). The shorter lengths in the loops and the different disulfide pairing in the mini-M conotoxins will dictate a scaffold that is substantially different from the maxi-M subtype; i.e., shorter loops in the mini-M and different Cys pairing hinder the formation of helical domains observed in the maxi-M subclass [28] . Likewise, among mini-M conotoxin subtypes differences in the loop sizes, nature of the residues in the loops and Cys pairing will affect the shape of their peptidic scaffolds. Therefore, a detailed analysis (including their 3D structures) of mini-M conotoxins is warranted in order to assess their structural intricacies.
Using nanomole-scale NMR methodologies, we determined that the structure of native reg3b is a tightly folded multi-turn motif with no regularity. Carrying out structural determinations on the native peptide avoids the need for synthesis and correct oxidative folding of the target peptide, which can be a challenging feat for some conotoxins [29] . This also avoids possible mismatches in the folding of the native vs. synthetic material. The structure of reg3b is strikingly dissimilar to the other M2 mini-M conotoxins (BtIIIA, mr3a, Ar1446) (Fig. 5 ) in spite of having the same cysteine pairing (Table 2 ). These dissimilarities can be rationalized by the lack of sequence homology in the loops of these conotoxins, where the precise nature of the amino acids in the loops will be playing a dominant role in the ultimate folding of these scaffolds. Given that the cysteine bridges are a substantial part of the scaffold, the residues in the loops need to accommodate themselves around the covalent scaffold forced by these bridges. The conformational adjustments made by these residues in the loops are critical for the final fold of the mini-M conotoxins.
Another contributing factor to these structural dissimilarities are loops sizes. In reg3b the loop sizes are 3/4/2, as opposed to 3/3/3 and 4/3/2 in BtIIIA and mr3a, respectively. The multiturn character of the M2 mini-M structures will make the scaffold very sensitive to loop sizes, as they will affect the stability, type, sharpness of the turns present and the way they themselves accommodate within the covalent disulfide arrangement. These arguments are also valid for the M1 mini-M conotoxins, as the 3D structures of mr3e (4/3/1) [16] and tx3a (4/4/1) [30] are different even though they have the same disulfide pairing. This is not the case for reg3b and Ar1430, as they have the same disulfide pairing and the same loop sizes. More pronounced structural differences are expected with other reg3 mini-Ms such as the M1s that display both 4/1/1 and 4/5/1 loop distribution. Loop size variability is also associated with disulfide pairings; it is not be surprising to find several different types of pairings for the reg3 conotoxins, in the same manner that has been described for the mini-M conotoxins of C. marmoreus [31] . Bioinformatic interrogation across the Conus Conotoxin frameworks are typically adjudicated by the location of the cysteine in the sequence, and in some instances, they yield a specific peptidic scaffold such that the classical inhibitory cysteine knot invariably found for framework VI and VII conotoxins, which have a fixed disulfide pairing pattern. However, the defined pattern for the framework III conotoxins, CC-C-C-CC, yields multiple peptidic scaffolds where the disulfide pairing, the nature of the residues in the loops and the length of the loops become determinant factors for the final shape of the peptidic scaffold. Therefore, the designation of framework III conotoxins for nomenclature purposes is appropriate, but this not correlated with specific peptide folds, as the structure plasticity of these conotoxins is self-evident.
The combinations of direct biochemical analysis of the venom and the examination of cDNA/RNAseq libraries have established the M-superfamily of conotoxins as extremely diverse. Beyond that, "omics" technologies have expanded our ability to discover new conotoxins and the capability to assess intra-and interspecific diversity of conotoxin expression. The current interrogation of framework III sequences supports evidence of high prevalence and variability of mini-Ms in cone snail venom and begs the question of the pharmacology of these compounds and their importance in hunting-strategy. The definition of the M-superfamily will continue to expand as transcriptomic and peptidomic/proteomic data continue to advance our knowledge of the conotoxin biochemical space. Furthermore, these minimalistic peptidic scaffolds can open new opportunities for development of engineered peptides for therapeutic applications.
Experimental procedures
Specimen collection and venom extraction
Specimens of C. regius (35-70 mm) were collected off the Florida Keys (Plantation Key), USA, using SCUBA at depths ranging from 2 to 15 m. Animals were kept in aquaria prior to transportation to the lab, where their venom ducts were dissected and immediately frozen at À80°C. The venom ducts were homogenized in water with 0.1% TFA at 4°C. Whole extracts were centrifuged at 4°C, and the resulting pellets were washed and recentrifuged under identical conditions. All supernatants containing the soluble peptides were pooled, lyophilized, and stored at À80°C until further use.
RNA Extraction, RNA-sequencing, transcriptome assembly
One single adult specimen of C. regius was dissected and the venom duct was placed in TRIZOL (Invitrogen). RNA was extracted and prepared for sequencing using the Illumina PolyA-Truseq preparation protocol. Samples were sequenced on Illumina Next-Seq 500 platform to produce two sets of paired-end sequences. All runs were concatenated to produce two single independent datasets containing 30 million forward and reverse reads. Quality metrics were obtained using FASTQC [32] and read distribution statistics were calculated with BBMap [32] to show accurate group fragment pair distance (141 bp) for read assembly. The paired-end data was assembled using the De-Bruijn graph based de novo assembler Trinity [33] . The final FASTA dataset contained 87 300 assembled contig sequences. Final contigs were then converted to a BLAST database using NCBI Blast+ [34] , and full sequences of the protein precursors for the M-superfamily were identified using the blastx function in Geneoius 10.1 (Biomatters, Ltd., UK) using an e-value cutoff of e À5 . Additionally, further searching was done manually by matching the signal sequences of the M-superfamily [35] or the mature conotoxin sequences determined by Edman degradation.
Peptide purification
The dissected venom was fractionated by RP-HLPC using a C18 semipreparative column (Vydac, 218TP510); however, due to the complexity of the venom, additional SE-HPLC and analytical RP-HPLC fractionations were required. Batches of 50 mg of crude venom were separated by SE-HPLC on a Pharmacia Superdex-30 column (2.5 9 100 cm) eluted with 0.1 M NH 4 HCO 3 . Further separation of the fractions was performed on a Superdex Peptide (Amersham Biosciences) column (10 9 300 mm) equilibrated and eluted with 0.1 M NH 4 HCO 3 . Chromatographic fractions were monitored at k = 220, 250, and 280 nm. Further purification of peptide-containing peaks was achieved by RP-HPLC on a C18 semipreparative column (Vydac, 218TP510, 10 9 250 mm; 5 lm particle diameter; 300 A pore size) at a flow rate of 3.5 mLÁmin À1 followed by rechromatographing fractions on an analytical C18 column (Vydac, 238TP54, 4.6 9 250 mm; 5 lm particle diameter; 300 A pore size). RP-HPLC separations were carried out using an incremental linear gradient of 1% B/min (solution A: water with 0.1% TFA -solution B: water 40%, acetonitrile 60% with 0.1% TFA). All HPLC fractions were manually collected, lyophilized and kept at -40°C prior to further use.
Reduction and alkylation of cysteyl residues
Reduction and alkylation of cysteine groups were carried out as previously described [36] with slight modifications. An aliquot of each peptide (~1 pmol) was dried, redissolved in 0.1 M Tris-HCl (pH 6.2), 5 mM EDTA, 0.1% sodium azide and reduced with 6 mM DTT at 60°C for 30 min. Peptides were alkylated in a final volume of 15 lL with 20 mM IAM and 2 lL of NH 4 OH (pH 10.5) at room temperature for 1 h in the dark. The reduced and alkylated peptides were purified using a Zip Tip (C18, size P10, Millipore).
Peptide sequencing
Alkylated peptides were adsorbed onto Biobrene-treated glass fiber filters and amino acid sequencing was carried proton exchange experiment. The amide protons of C14, C15, L5, C6 and L12 are perseverant after 7600 s, for which they were deemed involved in hydrogen bonding and they were used as constraints for the structural determinations of reg3b.
out by Edman degradation using an Applied Biosystems Procise model 491A Sequencer. The concentration of the peptides was determined by using the calibrated intensities of the first five PTH-amino acid residues on samples that were not reduced and alkylated.
Molecular mass determination
Positive ion MALDI-TOF mass spectrometry was carried out on an Applied Biosystems Voyager-DE STR spectrometer using a a-cyano-4-hydroxycinnamic acid matrix. Amidation of the C-terminus was determined by the difference between the calculated and experimental molecular mass and confirmed by nanoNMR spectroscopy.
Disulfide connectivity analysis
Lyophylized native reg3b was partially reduced using TCEP in pH 3.0 citrate buffer to produce a mixture of partially reduced peptide isomers; the nascent thiol groups were immediately cyanylated by CDAP under the same buffered conditions [37] . The cyanylated peptide was then purified on an analytical C18 column (Vydac, 238TP54). The purified cyanylated peptide was cleaved at the peptide bond adjacent to the N-terminus side of the cyanylated cysteines by exposing it to aqueous ammonia. This step formed peptide fragments that were still linked by the residual disulfide bonds. These bonds were then completely reduced with TCEP and the peptide fragments were analyzed by MALDI-TOF.
NMR Spectroscopy
NMR spectra were acquired using Varian Inova 500 MHz and 900 MHz spectrometers. Nanomole quantities of the native conopeptides directly isolated from the venom (reg3b = 51 nmoles, reg3l = 19 nmoles, reg3i = 4 nmoles; the rest of the reg3 conotoxins were below 1 nmole) were dissolved in water with 10% D 2 O and 1 nanomole of TSP. Peptide solutions (40 lL) were placed in 1.7 mm NMR tubes (Wilmad WG-1364-1.7) to record spectra at 500 MHz using a Varian gHCN 3 mm probe with a 1.7 mm capillary adaptor (Wilmad V-GFK-10/1.7). Spectra (1D) were acquired at 0°C, 10°C and 25°C using the WET pulse sequence for water suppression [38] . Peptide concentrations were also evaluated by integrating the NMR signals of selected methyl groups and using the known concentration of TSP as an internal standard [39] . NMR experiments for peptide reg3b were also recorded at 900 MHz in a 5 mm cryogenic probe using a 3 mm Shigemi D 2 O matched tube (Shigemi Inc., Allison Park, PA) with 130 lL of sample. Proton exchange NMR experiments were carried out by dissolving the lyophilized reg3b in D 2 0 at 10°C and monitoring the exchange of amide protons for 2 h. The TOCSY and NOESY (mixing time of 200 ms) experiments were used for sequence-specific assignments and secondary structure assignments [40] carried out using WATERGATE for water suppression [41] in combination with 3919 purge pulses with flipback (17) . Peptide 3 J HNHa coupling constants for the backbone torsion angle were measured using DQF-COSY experiments [42] .
3D Structure of reg3b
Interproton distance constraints were derived from NOESY spectra recorded at 10°C. NOESY cross-peaks were assigned and classified according to their intensities as strong, medium, or weak with the aid of their volume integrals, corresponding to upper bound interproton distance constraints of 2.7, 3.5, and 5.0 A, respectively. Dihedral angle restraints were obtained from the 3 J HNHa coupling constants and were centered on À120°AE 30°for 3 J HNHa > 8 Hz and À60°AE 30°for 3 J HNHa < 6 Hz [43] .
Hydrogen bond restraints were introduced as distancerelated constraints with an upper bound of 3.3 A and a lower bound of 2.4
A. NMR-based structure determinations were performed using XPLOR-NIH [44] . Structure determinations were carried out using the torsion angle dynamics protocol [45] . NOE-derived distance restraints as well as dihedral angle restraints were used to calculate 100 structures, and refined further using a simulated annealing protocol and extra minimization steps. The structures were then analyzed with hydrogen bond restraints for additional refinement of the structures. The structures were analyzed for best fit to the NMR constraints and the overall low energy. Structure visualization and analysis was carried out using Chimera [46] , MOLMOL [47] , Procheck-NMR [48] , Promotif [49] , and GRASP [50] .
M superfamily analysis
Mini-M and maxi-M distribution throughout the genus Conus were compiled from all species reported to express framework III conotoxins using Conoserver [35] and UniProt. The sequences were categorized by the first four amino acid residues of the signal sequence (MMSK, MLKM, MMFK, or MMYK) or by homology of the signal sequence for RNA sequences that were missing the first four letters. A subset of sequences was compiled from species with large RNA sequence submissions to UniProt, so that all unique signal sequences were included in the analysis. Framework III conotoxins were classified by loop sizes of the three intercysteine gaps of framework III (CCX 1 CX 2 CX 3 CC) and written as X 1 /X 2 /X 3 .
